Objectives: To explore the areas at highest risk for postoperative pancreatic cancer local recurrence according to the spatial location of local failures, with the aim to provide a precise target volume for pancreatic cancer adjuvant radiotherapy.
Introduction
Pancreatic cancer (PCA) is the fourth deadliest solid malignancies in the United States. It is estimated that 48960 new cases will be diagnosed as PCA in the USA in 2015. Among them, 40560 will die from this disease [1] . In China, PCA is the 9th most commonly diagnosed cancer and the sixth leading cause of cancer death. The National Central Cancer Registry (NCCR) of China predicted that there will be approximately 90100 newly diagnosed pancreatic cancer cases and 79400 cases will die from this disease in 2015 [2] . Resectability of the cancer is important to stratify survival. However, at the time of diagnosis, only 20 % of patients are able to undergo surgical resection. Even in these patients, the 5 years overall survival rate is only 10-20 %. Although most of patients died from distant metastases, it has been verified that the incidence of local recurrence were up to 20 % to 60 % [3] [4] [5] , and autopsy studies reported even higher rates of local recurrence [6] . These findings have highlighted the importance of local control in resectable pancreatic cancer.
The standard options of adjuvant therapy for pancreatic cancer include chemotherapy and chemoradiation (CRT). However, the role of radiation therapy in the adjuvant therapy is still controversial [7] [8] [9] [10] [11] [12] . One of the explanations is the insufficient of radiation dose in conventional radiotherapy, due to the normal structure dose constraints. Furthermore, the integration of approximately 6 weeks of chemoradiation (CRT) (45 Gy directed to the tumor bed, surgical anastomoses and peripancreatic nodes with boost of 5 to 15 Gy to the tumor bed) has high toxicity which decreases quality of life and delays the delivery of full dose chemotherapy [7] .
Nevertheless, technological developments in image guidance and motion management have enabled the precise radiotherapy. So smaller target volume is possible in order to minimize treatment-related toxicity. Stereotactic body radiotherapy (SBRT) represents a novel field of radiation therapy and is a tumor-ablative radiation modality employing multiple non-coplanar fixed beams or arc fields to damage the target accurately and precisely with a high dose while geometrically sparing adjacent normal tissues. It enables accomplishing radiotherapy in a week without interrupt of the chemotherapy course. However, the standard dose and volume for SBRT in pancreatic cancer are to be explored.
To rule out the impact of radiotherapy on the site of recurrence, only those patients who did not receive adjuvant radiotherapy were included in this study. We map the postoperative local recurrences of pancreatic cancer patients with respect to major arteries in radiographic imaging to explore the areas at the highest risk for local recurrence, and then to provide a suitable target volume for adjuvant radiotherapy of pancreatic cancer, and to achieve dose escalation. This may allow decreased treatment-related toxicity and increased probability of disease control.
Methods and materials

Patients
This study was approved by the Institutional Review Board of the Second Affiliated Hospital, Zhejiang University School of Medicine (SAHZU). From January 2010 to August 2015, 305 patients had undergone surgery for the primary pancreatic cancer at SAHZU, histopathology diagnosis were achieved after surgery. The medical records were retrospectively reviewed. Patients were included if they met the following inclusion criteria: 1) patients after surgery for the primary tumor in pancreas; 2) patients with local recurrence, with or without distant metastasis; 3) patients did not receive neoadjuvant or adjuvant radiation. On the other hand, patients were excluded based on the following: 1) patients after Palliative surgery; 2) patients had no follow-up abdominal Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) in our institution; 3) cases without local recurrence. Local recurrence was defined as progression of soft tissue at the resection area or surrounding the peripancreatic vessels and progression of retroperitoneal lymph nodes in follow-up imaging. A radiologist specializing in abdominal neoplasms imaging identified the recurrences. Rising of CA199 and deterioration of patients' symptom and physical condition were also helpful. Multidisciplinairy team was attended for uncertain case. Patients were classified into three groups: pancreatic head cancer (PHC), pancreatic body cancer (PBC) and pancreatic tail cancer (PTC). In each group, patients were categorized into subgroups based on adjuvant therapy they received: adjuvant chemotherapy alone (CTA) or no adjuvant therapy (NA). The following data were collected for each local recurrent patient: age, sex, tumor diameter, T stage, N stage, resection margins (R0: grossly complete resection with microscopically negative margins; R1: tumor invasion within 1 mm from the resection margins; R2: grossly incomplete resection), histological type, comprehensive treatment pattern, type of recurrence and resection type.
Three-dimensional local recurrence map
All local recurrences were plotted on the CT image of a representative patient according to their relative coordinates to superior mesenteric artery (SMA) or celiac axis (CA) to construct a three-dimensional local recurrence map, which was produced by Raystation software (Raysearch, Stockholm, Sweden). The three-dimensional location of the center of recurrent tumor relative to the center of the SMA or CA of each patient with local failure was measured. To choose SMA or CA depended on which artery was closer to the tumor. SMA and CA were contoured from the origin of the arteries to 30 mm and 10 mm along the natural anatomy of the arteries inferiorly, respectively. The center of the tumor and the center of the arteries were located by Raystation software as mentioned above.
Novel adjuvant field delineation
A radiation target volume for adjuvant radiotherapy was designed to the areas where local failures commonly occurred according to the three-dimensional local recurrence map. The center of all plotted recurrences Abbreviations: PHC pancreatic head cancer, PBC pancreatic body cancer, PTC pancreatic tail cancer was located by Raystation software which had been mentioned above. Then 90 % and 80 % of plotted recurrences closer to the center were produced respectively. A combined contour structure of the SMA and CA was expanded to cover 90 % and 80 % plotted recurrences, thus to generate clinical target volume (CTV)-90 and CTV-80. Planning target volume (PTV)-90 and PTV-80 was created through expanding CTV-90 and CTV-80 by 3 mm, respectively.
Treatment planning
We applied the proposed plan in four simulated patients. Organs at risk (OARs) included the liver, stomach, small intestine, large bowel, spinal cord and kidneys. Doses constraints of OARs were based on a study of Herman et al. [13] . PTV-90 and PTV-80 were retracted to avoid the stomach, small intestine, and large bowel by 3 mm to generate PTV-90_modified and PTV-80_modified. For the adjuvant SBRT treatment plans, 25 Gy in 5-Gy fractions was delivered to PTV-90_modified, 33 Gy in 6.6 Gy fractions was delivered to PTV-80_modified as simultaneous integrated boost. More than 90 % of each target volume received 100 % of the prescription dose, and no more than 1 cc of PTV-80_modified received more than 120 % of the prescription dose. The plans c Anterior-posterior and d lateral views of local recurrence plots with respect to the superior mesenteric artery (red) and celiac artery (green) for postoperative patients with chemotherapy alone (yellow) or no adjuvant therapy (blue) in pancreatic head cancer. e Anterior-posterior and f lateral views of local recurrence plots with respect to the superior mesenteric artery (red) and celiac artery (green) for postoperative patients with chemotherapy alone (orange) or no adjuvant therapy (lavender) in pancreatic head cancer. g Anterior-posterior and h lateral views of local recurrence plots with respect to the superior mesenteric artery (red) and celiac artery (green) for postoperative patients with chemotherapy alone (peach) or no adjuvant therapy (dark green) in pancreatic head cancer were delivered in 5 consecutive days. They were not applied in real patients. A standard radiation plan based on RTOG 0848 [14] was also employed in these four cases. Regions of interest (ROIs) included most proximal 10 mm of the CA and most proximal 30 mm of the SMA from the take-off from the aorta, portal vein(PV), preoperative tumor volume, pancreaticojejunostomy (PJ) and aorta from the most cephalad of CA, PJ or PV to the bottom of the second lumbar vertebra. Then CA, SMA and PV were expanded by 10 mm in all directions. PJ was expanded by 5-10 mm in all directions. The preoperative tumor volume was expanded by 5-10 mm in all directions. Aorta was expanded by 25 mm to the right, 10 mm to the left, 20-25 mm to the anterior, 2 mm to the posterior and 0 mm to the inferior. The expansion of aorta in the superior direction should up to the most superior slice of CA, PJ or PV expansion. The CTV was created by merging the above ROI expansions. Normal structures such as liver, stomach, small intestine, large bowel, left kidney, right kidney and spinal canal were contoured. Dose-volume constraints also followed RTOG 0848 guideline [14] . The CTV was edited to be adjacent to a dose limited normal organ if the noted expansions 
Results
Patient clinical characteristics
Of the 305 patients, 83 patients met the criteria were included in the study. Among them, 62 had PHC, 13 had PBC and 8 had PTC. In patients with PHC, 24 had NA, 38 had CTA. In patients with PBC, 3 had NA, 10 had CTA. In patients with PHC, 50 (81 %) suffered from recurrence closer to SMA, with a mean distance from the center of SMA of 19.4 mm and 19.9 mm in the NA and CTA groups respectively. Twelve patients (23 %) suffered from recurrence closer to CA, with a mean distance from the center of CA of 20.6 mm and 14.4 mm in NA and CTA groups respectively. In patients with PBC, 9 (69 %) suffered from recurrence closer to SMA, with a mean distance from the center of SMA of 21.8 mm, 25.4 mm in the NA, CTA groups respectively. Four patients (31 %) suffered from recurrence closer to CA, with a mean distance from the center of CA of 12.2 mm and 12.1 mm in NA and CTA groups respectively. Table 2 shows the comparison of baseline clinical characteristics between NA and CTA groups in pancreatic head cancer. The NA patients were older, with a median age of 65 years compared with 60 years in the CTA groups (p = 0.038). All other baseline clinical characteristics were comparable among patients receiving NA and CTA.
Production of treatment target volume
By expanding the combined SMA and CA contour structure, the CTV for SBRT of pancreatic head cancer was constructed to generate a volume that included areas where failure was frequent. Ninety percent of recurrences were contained by a 30 mm right-lateral, 21 mm left-lateral, 20 mm anterior, 13 mm posterior, 10 mm superior, and 20 mm inferior expansion of the combined SMA and CA contours to generate CTV-90. Eighty percent of recurrences were contained by a 20 mm right-lateral, 18 mm left-lateral, 12 mm anterior, 12 mm posterior, 0 mm superior, and 10 mm inferior expansion of the combined SMA and CA contours to create CTV-80. PTV-90 and PTV-80 was created through expanding CTV-90 and CTV-80 by 3 mm, respectively (Fig. 2) .
Comparison of the proposed plan with standard radiation plan
We applied this plan and the standard radiation plan recommended by RTOG 0848 in four simulated patients. Doses constraints of OARs of the proposed plan and RTOG 0848 are seen in Table 3 . PTV-90_modified and PTV-80_modified were generated by adjusting PTV-90 and PTV-80 to avoid the stomach, jejunum, and bowel by 3 mm. For RTOG 0848 plan, CTV_modified was generated by editing CTV to be adjacent to doselimited normal organ if it protrudes into relative structure. PTV_modified was generated through expanding CTV_modified by 5 mm (Fig. 3) . The areas of the proposed PTV-90_modified and PTV-80_modifed were much smaller than RTOG 0848 PTV_modified. Figure 4 illustrates comparison of the proposed plan and RTOG 0848 plan in 4 simulated cases in the same sections. The average volume of PTV-90_modified and PTV-80_modi-fied were 197 cc and 113 cc, respectively. However, the average volume of PTV_modified according to RTOG 0848 was 466 cc, which was much larger than the target volume in the proposed plan (Table 4) . OARs and target volume in all plans reached the dosimetric constraints (Tables 3 and 5 ). Table 6 compares the dosimetric parameters between the proposed plan and the plan according to RTOG 0848 in the 4 simulated cases. The dose OARs received in the proposed plan was much lower than that in the plan according to RTOG 0848.
Discussion
So far there were limited studies focusing on recurrence pattern of pancreatic cancer. Herman et al. first demonstrated that a majority of local recurrences in postoperative patients with PHC are contained within a small region surrounding the CA and SMA and created an anatomic map with areas at the highest risk for local recurrence [13] . In their data, a majority of patients have undergone radiation. However, radiation therapy may reduce the risk of recurrence within the irradiation volume, thus influence the spatial location of local recurrence. Here, in this study, we followed the study of Herman et al. but only included patients without radiotherapy to rule out the impact of radiotherapy on the recurrence pattern.
In glioma, contouring the target volume according to the recurrence pattern has been proved feasible. Chang et al. have investigated the recurrence pattern in patients with glioblastoma after surgery and chemoradiotherapy. They successfully demonstrated that the smaller target Fig. 3 The proposed PTV-80_modified (green) and PTV-90_modified (blue) of this study are shown simultaneously with RTOG 0848 CTV_modified (red) and PTV_modified (pink) in 4 simulated cases. Axial, coronal and sagittal views are shown for case 1 (a, b, and c), case 2 (d, e, and f), case 3 (g, h, and i) and case 4 (j, k and l) volume would not increase the pattern of local failure [15, 16] . In pancreatic cancer, Heye et al. have reported the recurrence pattern in postoperative patients. They, from the viewpoint of radiologists, found the SMA is the leading structure for recurrence [17] . While in our study, a three-dimensional map of the local recurrences based on their relative coordinates to SMA or CA was further generated to guide target volume contouring for radiotherapy. Figure 1 suggests that the distribution of local recurrences between NA and CTA are similar in pancreatic cancer, and we found that the recurrence pattern have correlation with the location of primary tumor. The recurrence location of PTC seemed at the left of the CA and SMA and was far from them. It seems improper to create an adjuvant treatment volume for PTC based on expansions of the CA and SMA. We didn't do further analysis of PBC as the patients number of PBC in our study is small. We then focused on the analysis of pancreatic head cancer. The target volumes were created by expanding the structure of the SMA and CA to cover 90 % and 80 % plotted recurrences (Fig. 2) . As shown in Fig. 3 , the target volume proposed in this study was much smaller than that in RTOG 0848. The low number of patients (n = 4 cases) used for the comparison to the RTOG protocol might be a limitation factor. However, the volume of PTV-80 was only one-fourth of that of RTOG 0848 PTV (Table 4) , these cases exhibit good example. It is reasonable to apply these smaller treatment Abbreviations: PTV-90_modified planning target volume covering 90 % plotted recurrences with avoidance of proximal organs at risk, PTV-80_modified planning target volume covering 80 % plotted recurrences with avoidance of proximal organs at risk volumes in clinical practices because it might reduce radiation related toxicity and achieve dose escalation. The treatment plans according to this study and RTOG 0848 in 4 cases were further generated, which indicated the shrinked areas could potentially reduce the dose to OARs, then minimize the radiation related toxicity (Fig. 4 , Tables 4 and 6 ).
To our knowledge, this study is the first research in pancreatic cancer which produced a map of local recurrences in postoperative patients who did not receive radiotherapy. It has been proved to be safe in rectal cancer to deliver 25Gy in 5-Gy fractions to the pelvic cavity which contains OARs such as small intestine and large bowel [18, 19] . In our study, PTV90_modified was delivered a similar schedule as that in rectal cancer. PTV-80_modified was delivered higher dose (33 Gy in 6.6-Gy fractions) which was supported by clinical experience in other gastrointestinal malignancies. The BED of PTV-80_modified was 54.78Gy, which was similar to that of PTV (59.47 Gy) in RTOG 0848. OARs such as small intestine, the average dose 50 % of the volume received (D50) in the 4 cases was 5.79 Gy, while it was much higher in RTOG 0848 plan (24.73 Gy). Large bowel, stomach and other OARs also had lower average D50 than that in RTOG 0848 plan (Table 6 ). Therefore, with the proposed plan, higher dose to the target volume and lower radiation related toxicity to OARs is achievable. Up to now, the areas already identified at risk of local recurrence in RTOG 0848 guidelines (aorta, portal vein, tumor bed, and pancreaticojejunostomy) are irradiated at standard doses in clinical practice. In this study, we demonstrated the feasibility of the smaller target volume for radiotherapy in patients with past-operative pancreatic head cancer. However, some limitations still existed. Firstly, recurrence was confirmed by follow-up CT or MRI, but not biopsy which was rarely used in clinical practice at this situation. Although we combined CA199, patients' symptom, physical condition and Multidisciplinairy team for help, imaging diagnosis is still not golden standard. Secondly, the study was based on a static CT, the respiration-and peristalsis-induced shift in OARs was not taken into account. In daily clinical practice, 4D-CT should be utilized to eliminate this factor on dose distribution. Thirdly, we aim to from the viewpoint of evidence-based medicine to explore the target volume of adjuvant radiotherapy of pancreatic cancer, while the study size was not large enough. Fourthly, this study was retrospective analyses on historical cohort, which limited the conclusions. Therefore, there is a need to include more cases and to conduct larger-sample prospective studies on the pattern of recurrence of patients with pancreatic cancer after surgery in the future.
Conclusions
We produce a map of local recurrence in postoperative patients with pancreatic head cancer. The areas at highest risk for local recurrence are much smaller than the standard adjuvant radiation target volumes based on RTOG consensus guidelines. This might provide reference for adjuvant radiotherapy in patients with pancreatic head cancer to achieve dose escalation and minimize radiation related toxicity. 
